Because of their excellent biocompatibility and osteoconductivity, ceramic biomaterials are clinically utilised as bone grafts for the reconstruction of injured bone tissues. Modification of the ceramic surface, leading to enhanced interaction with bone tissues, can improve the osteoconductive properties of bone grafts. Here, we explored the biophysical properties of bone tissue in order to develop a rationale for improved ceramic bone grafts. Material analyses revealed that the apatite minerals in bone tissues can store electrical energy generated by collagen fibrils in a piezoelectricity. Furthermore, we observed that bone, when polarized electrically by external voltage, depolarized by two mechanisms. Specifically, carbonate incorporation and electrical charges in bone minerals are important factors in bone piezoelectricity. These factors modulated osteogenic cell behaviours such as the osteoclastogenesis of peripheral mononuclear blood cells and the differentiation of mesenchymal stem cells into osteoblasts. Surface characteristics revealed that the electrical polarization increased the surface free energy and improved the surface wettability of the ceramic biomaterials. In addition, we applied the functionalized ceramic biomaterials to wound dressings and dental crowns. Composite materials, including polarized hydroxyapatite for wound dressing, enhanced epidermal recovery from full-thickness skin wounds. Surface modification by a combination of electrical polarization and chemical treatment improved bioactivity and durability of ceramics containing yttria-stabilized zirconia.
Introduction
Calcium phosphates such as hydroxyapatite (HA) and ¢-tricalcium phosphate (¢-TCP) are clinically applied as bone grafts to reconstruct the injured bone tissues in the orthopaedic and dental fields. These ceramic biomaterials have excellent biocompatibility and osteoconductivity, which is defined as the formation of new bone in the vicinity of the implanted biomaterials. Numerous studies of the surface modification of ceramic biomaterials have improved the osteoconductivity of ceramics; this has consequently improved the quality of life for many individuals. Thus, further improvements to osteoconductivity of ceramic biomaterials are expected to yield even greater benefits for patients with bone-related pathologies. To achieve the improvement of the osteoconductivity by surface modifications of ceramic biomaterials, the studies on the interface between the materials and living tissues are considered to be important.
Osteoconduction progresses in six stages at the interface between implanted biomaterials and injured bone tissues: (1) serum adsorption; (2) the recruitment of various cell types; (3) the attachment, migration, and proliferation of various cell types; (4) osteoblast differentiation and osteoid production; (5) matrix calcification; and (6) bone remodelling. 1) In general, adhesion of the osteoblasts to ceramic biomaterials plays a predominant role in the regulation of differentiation and the formation of the extracellular matrix following spreading and motility. 2) In the present study, two approaches were taken in order to clarify osteoconduction mechanisms. Specifically, we performed material analyses of bone tissue and examined the interactions between cells and ceramic biomaterials. The material analyses focused on the phenomenon of bone piezoelectricity, in which the electrical energy generated by bone loading has an effect on bone metabolism. In the latter study, we leveraged these results to explore the associations between cellular behaviour and surface characteristics of the ceramic biomaterials. Our findings are discussed in the context of potential clinical uses of ceramics with improved osteoconductivity.
Bone piezoelectricity
The effect of mechanical stress on bone metabolism was proposed following observations that both fracture healing time and bone mass are reduced during extended time in the reduced gravity environment of space missions. In addition, Fukada and Yasuda established the existence of piezoelectricity in heated bone specimens.
3) The shear forces of collagen fibrils create stress-generated potentials during bone piezoelectricity. 4),5) Generation of electrical potential in bone by collagen displacement ceases after the collagen returns to its original location. Unfortunately, this rapid disappearance of the piezoelectric effect is detrimental for bone formation, as several weeks of this type of stimulation are required to trigger bone remodelling or fracture healing. Starting with the premise that bone remodelling requires 120150 days, 6) we investigated the concept of storing electrical energy generated from bone piezoelectricity. Electrical potential in bone by collagen displacement has been well documented; however, we were intrigued by the role that mineral crystals play in bone piezoelectricity, which is still poorly understood.
The electrical properties of collagen fibrils and apatite minerals were investigated using thermally stimulated depolarization current (TSDC) measurements. 7) On the basis of in vivo experi-mental recordings of up to 300 mV potentials in the tibia of ambulatory humans, 8) we applied external voltages to bone specimens. TSDC profiles support our hypothesis that bone stores electrical energy in collagen fibrils as well as in apatite minerals, based on the two depolarization peaks at 100 and 500°C in the profiles of cortical bone specimens 9) [ Fig. 1(a) ]. The smaller peak at 100°C was attributed to collagen, since the removal of minerals from cortical bone using ethylenediaminetetraacetic acid (EDTA) yielded a depolarization peak at 100°C [ Fig. 1(b) ]. The larger peak at 500°C was attributed to apatite minerals, because the profile of cortical bone calcined to remove collagen shows depolarization peak at 500°C [ Fig. 1(c) ], and the values of activation energy (Ea) for the bone specimens and synthesized apatites were similar. The activation energy for bone mineral was similar to that for synthesized carbonate-incorporated apatite (CA), indicating that the carrier ions that participate in polarization are the same or similar in each case.
Effects of ceramic characteristics on osteogenic cells
The material characterization of bone tissues clearly indicates that carbonate incorporation and electrical charges in bone minerals are important factors in bone piezoelectricity. To determine the effects of these factors on the behaviour of osteogenic cells, the bone mineral-resembling materials were studied by using in vitro cell culture.
Mature human osteoclasts derived from peripheral mononuclear blood cells were cultured on ceramic biomaterials; HA, ¢TCP, CA and bone slices for control 10) (Fig. 2) . Differentiation into mature human osteoclasts from osteoclast progenitors on CA was significantly enhanced compared to HA and ¢TCP, based on the quantitative gene expression analysis of molecular markers for osteoclast differentiation [ . Quantitative morphological observations using fluorescence revealed that the actin rings of osteoclasts on CA were thick, small in diameter, and co-localized with vinculin, which is similar to the rings that were found on bone slices. In contrast, the actin rings of osteoclasts on HA and culture dishes were thin and large in diameter. Scanning electron microscopic images and quantitative analysis indicated that the resorption pits on CA were significantly deeper than those on HA due to the enhanced tight sealing ability between osteoclasts and their substrate [ Fig. 2(a) ]. Together, these results show that carbonate incorporation into the apatite lattice increases the differentiation of osteoclast progenitors into mature osteoclasts. In addition, differentiated osteoclasts cultured on CA form thick, compact actin rings, which are effective for creating tight seals between the substrate and the cell membrane.
We next investigated the effects of bone mineral-associated electrical charges on the osteoclastogenic process. Differentiation Fig. 1 . TSDC profiles for bone specimens subjected to electrical-polarization treatment. (a) cortical bone polarized at RT for 1 h at 500 V/mm, (b) cortical bone decalcified with EDTA to remove minerals, then polarized at RT for 1 h at 500 V/mm, and (c) cortical bone calcined to remove collagen and then polarized at RT for 1 h at 500 V/mm. Electrical properties of natural bone and electrically polarized bone specimens were summarized in table. The synthesized HA and CA ceramic specimens were used as controls. Activation energy (Ea), stored energy and half-periods were calculated from TSDC profiles. and activation of osteoclasts were induced on the positively charged surfaces of HA and CA, but not on the negatively charged and neutral surfaces of HA and CA. Thus, introduction of positive charges to the polarized ceramic biomaterials accelerates osteoclastogenesis. Yamashita et al. demonstrated that induction of a charged surface on HA by polarization enhances osteoconductive capabilities in vivo.
11),12) When compared with the conventional porous HA specimen, new bone formation and localization of osteoblasts were enhanced in the centre of the polarized porous HA after 3 weeks of implantation into the tibiae of rabbits. Considering the results from Yamashita and colleagues, we infer that the electrical charges modulate cellular behaviours during the early stages of osteoconduction.
Mesenchymal stem cells (MSCs) derived from mouse bone marrow differentiate into alkaline phosphatase (ALP)-positive osteoblasts. ALP staining revealed that osteoblastic differentiation was accelerated on the HA compared to either CA or ¢TCP surfaces, and was accelerated on the both positively and negatively polarized HA surfaces compared the conventional HA.
13) Polarized HA surfaces also enhanced the expression of osteocalcin as a molecular marker for osteoblast differentiation and the staining of mineral depositions with alizarin red S, a dye that binds to calcium associated with the osteoblast differentiation marker.
Here we have provided novel insight into the osteoconductive properties of ceramic biomaterials. Our hypothesis is that the bone-resembling ceramic biomaterials trigger osteoclastogenesis, which are then recruited into the osteoconductive process. Subsequently, resorptive ceramic biomaterials such as CA and ¢TCP may induce bone formation through bone remodelling by osteoclasts and osteoblasts, while non-resorptive ceramic biomaterials such as HA may induce bone formation through osteoblastdependent bone modelling.
Surface characteristics of polarized bioceramics
To clarify the physiologic cellular reactions to ceramic biomaterials, we performed material analyses of the polarized ceramic biomaterials. In general, cellular behaviour is affected by two variables in this context, namely, the surface characteristics of the biomaterials and stimulation from outside the cells. Surface characteristics, including the topography, constituent elements, functional groups, and wettability of biomaterials affect cellular attachment and adhesion. 1) In turn, surface characteristics are themselves determined by surface roughness, surface crystallinity, constituent elements at the surface, and incorporation of ions such as carbonate or fluorine.
14), 15) In addition, electroninduced surface-energy modifications such as photoluminescence (c) Expression of the carbonic anhydrase II and cathepsin K genes of osteoclasts was determined by real-time PCR using GAPDH genes as a housekeeping gene control. Relative expressions of the genes were the highest on the bone slices as a positive control and the lowest on the plastic dish as a negative control (**<0.002 compared with the others). Relative expression of the genes were the highest on the CA, compared to the HA and ¢-TCP among the synthesized ceramic biomaterials (*<0.001. Error bars: mean « SD).
and surface photovoltage spectroscopy can also enhance surface characteristics. Extracellular stimuli such as capacitive coupling and combined electromagnetic fields affect cellular attachment, adhesion, and motility. 16) In the ceramic biomaterials fields, numerous studies of the interface between ceramic biomaterials and cells have revealed effects on osteoblast behaviours, including adhesion, proliferation, and differentiation. Control of osteoblast behaviour contributes to improved osteoconductivity.
To identify the factors that have a positive effect on cellular behaviour, we focused on the surface characteristics of the polarized ceramic biomaterials and the effects of electrical stimulation by polarization on primary cellular behaviours in vitro. Analysis of the surface characteristics of polarized HA revealed that electrical polarization had no effect on the surface roughness, crystallinity, crystal phase, morphology of crystal grains, and constituent elements. Significant differences in surface free energy were observed between conventional HA and electrically polarized HA, which can be either positively or negatively charged. 17) The values of surface free energy of the polarized HA increased approximately three-fold compared with the value of conventional HA. The surface free energy is determined by polar and dispersive components, and we thus infer that the increased surface free energy on the polarized HA is due predominantly to the changes of the polar components.
In general, changes to the surface free energy affect polar molecules such as water and proteins. The contact angle of water decreases as the surface free energy on the polarized HA increases, indicating that the wettability of the polarized HA surface improved 17) (Fig. 3) . In addition, the effects of surface free energy and wettability of the polarized ceramic surfaces were also present on CA and ¢-TCP materials. The improved surface wettability accelerated protein adsorption at an early stage after implantation on the polarized HA.
18), 19) Adsorption of fibrin was accelerated on the polarized HA following implantation into the tibiae of rats compared with the conventional dense HA (Fig. 4) . The improved surface wettability also induced osteoblast adhesion 20) (Fig. 5) and migration.
21)

Applications of the polarized bioceramics: development of wound dressings
Polarized HA has effects on both hard and soft tissues. For example, it enhances epidermal recovery from full-thickness skin wounds in vivo, 22) and endothelial migration and morphogenesis in vitro. 23) To develop an innovative composite material for effective wound dressings, polarized HA powder was added to silk fibroin (SF) and the composite was gelatinised (Fig. 6) . The gel composite was applied on full-thickness porcine skin wounds in order to investigate its healing effect. The polarized HA transforms the SF structure into a porous three-dimensional scaffold. This scaffold was a more effective promoter of wound healing, re-epithelialisation, and matrix formation than the gel composites (SF gel containing non-polarized HA and SF alone). Thus, composites of SF gel and polarized HA effectively accelerate the maturation of fibroblasts as a result of their structural properties and ability to store charges.
Applications of the polarized bioceramics: improving bioactivity and durability of zirconia
The electrical polarization can be applied to several types of ceramic biomaterials. Because of its excellent mechanical properties, yttria-stabilized zirconia (YSZ) is currently used as an orthopaedic and dental material. YSZ has, however, two serious problems for clinical applications; one is that it is bioinert, meaning that no direct bonding of YSZ to natural bones occurs in vivo, and another is its instability due to a tetragonal-tomonoclinic phase transformation at a relatively low temperature of (<400°C) in moist air or hot water, which is usually termed low-temperature degradation (LTD). 24 ), 25) The phase transformation from tetragonal to monoclinic ZrO 2 after alkaline treatment was inhibited on positively charged YSZ (YSZ-P) surfaces compared with negatively charged (YSZ-N) and conventional surfaces 26) (Fig. 7) . During polarization, some oxide ions move from the YSZ-P surface to the YSZ-N surface, leading to an increase in oxygen vacancies on the YSZ-P surface and hence greater formation of ZrOH when this surface is exposed to alkaline solution. This then reduces water adsorption at the surface and consequently reduces the rate of ZrOZr bond cleavage.
We have improved the bioactivity of YSZ by a combination of electrical polarization and chemical treatment. 26) The bioactivity was assessed by immersing the specimens in simulated body fluid and evaluating the growth of apatite on the surfaces. The combination of polarization and alkaline treatments increased bioactivity in vitro. The treatments also increased osteoblast adhesion to YSZ surfaces, indicating improved biocompatibility Fig. 3 . Contact angle values of HA, N-HA and P-HA using distilled and deionized water. HA presented the highest values, indicating that the conventional HA surface was a more hydrophobic material, while N-HA and P-HA presented a lower angle, being a more hydrophilic material. Fig. 4 . SEM images of the HA, N-HA and P-HA 5 min after implantation into the tibiae of rats. SEM observation of the implanted polarized HA surfaces showed fine fibers (³0.2¯m thick). The fine fibers identified as fibrin by immunohistochemical investigation using anti-fibrin antibody with a fluorescence microscope, indicating that polarization improved the adsorptive ability of proteins on HA.
and bioactivity. This surface modification may thus be applied to improve the bioactivity and durability of YSZ for clinical uses.
Conclusions
Material analyses of bone tissues revealed that the apatite minerals in bone tissues store electrical energy generated by collagen fibrils. The carbonate incorporation and electrical charges in bone minerals are important factors in bone piezoelectricity. These factors had effects on osteogenic cell behaviours such as osteoclastogenesis of peripheral mononuclear blood cells and differentiation of MSCs to osteoblasts. Surface characteristics showed that the electrical polarization increased the surface free energy and improved the wettability of the HA surface. In addition, the functionalized ceramic biomaterials can be applied to ceramic biomaterials other than bone grafts, including wound dressings and dental crowns. Wound dressings made of composite materials that include polarized HA enhance epidermal recovery from full-thickness skin wounds. Finally, surface modification of . Wound biopsy of the porcine treated with each composite materials for wound dressing. At 11 days after surgery, there were collagen crosslinks in the wound in the treatments with commercial products and SF composite including polarized HA, whereas no collagen crosslinks was observed in the wounds treated with SF and SF composite including HA. YSZ by a combination of electrical polarization and chemical treatment improved its bioactivity and durability, in part due to the inhibition of LTD.
